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Purpose: Our purpose was to determine whether exposure to cigarette smoke increases the 
development of intimal hyperplasia (IH) after vascular injury. 
Methods: Sixteen adult male Sprague-Dawley rats underwent standardized balloon 
catheter injury of the left common carotid artery. For 4 weeks before and 4 weeks after 
injury, animals in the experimental group (n = 8) were exposed to cigarette smoke with 
an automated vacuum pump device. Animals in the control group (n = 8) were restrained 
in the smoking device for an identical amount of time and underwent arterial injury at 4 
weeks but were not exposed to cigarette smoke. Carotid arteries were perfusion-fixed in
vivo, prepared as histologic ross sections, and stained for elastin. IH  was measured by 
planimetry and is reported both as the absolute area of IH and as the ratio (IH/IEL) of 
the absolute area of IH  to the normalized area enclosed by the internal elastic lamina 
(expressed as a percent). 
Results: The absolute area of IH was 2.09 -+ 0.34 for the experimental group compared 
with 0.94 + 0.25 for the control group; mean IH/ IEL was 43.7% + 7.1% for the 
experimental group versus 17.7% - 4.7% for the control group (p < 0.05, two-tailed 
unpaired t test). 
Conclusions: Inhalation of cigarette smoke increases the development of intimal hyper- 
plasia in a rat model of balloon catheter arterial injury. (J VASC SURG 1996;23:401-9.) 
Vascular injury associated with denuding of the 
arterial endothelium results in uncontrolled prolif- 
eration of medial myofibroblasts, which migrate 
across the internal elastic lamina into the intima. 
Complex interactions with leukocytes, platelets, and 
adjacent endothelial cells lead to collagen and matrix 
deposition and the development of intimal hyperpla- 
sia, an important cause of restenosis and thrombosis 
after vascular econstruction and angioplast T. 
Cigarette smoking has been identified as a risk 
factor for restenosis and thrombosis in patients 
who undergo vascular surgical procedures and 
angioplasty, m~ Whereas smoking has long been 
associated with the acceleration of atherosclerotic 
arterial disease, ~2 restenosis and thrombosis after 
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revascularization frequently develop over a time 
course that is more rapid, which can be explained bv 
reaccumulation of atheromatous plaque. These con- 
diti(ms are instead the rcsult of  mtimal hypcrplasia t 
sites of arterial injury and turbulent flow. Compo- 
nents of cigarette smoke have been shown in vitro to 
influence the proliferation and function of the ccllular 
elements involved in the development of intimal 
hyperplasia. Additionally, morphologic snldies have 
identified changes in the vascular endothelium after 
exposure to cigarette smoke including cellular swell- 
ing, disruption of cell junctions and cell membranes, 
and endothelial denudation.~3-1s 
Both mechanical manipulation of blood vessels 
and exposure to cigarette smoke therefbre are capable 
of producing alterations in the normal morphologic 
and physiologic ondition of the vascular wall, which 
may contribute to or initiate the development of 
intimal hyperplasia. It is possible that mechanical 
injury and cigarette smoke may act synergistically, a 
potential explanation for the increased incidence of 
restenosis and thrombosis among smokers. There- 
fore we hypothesized that the inhalation of cigarette 
smoke would increase the development of intimal 
hyperplasia in an in vivo model of vascular injury. 
401 
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MATERIAL AND METHODS 
Sixteen adult male Sprague Dawley rats weighing 
250 to 300 gm were kept in standard rodent housing 
and fed rat chow and water ad libitum. For the eight 
animals exposed to cigarette smoke (experimental 
group) the experimental protocol consisted of 4 
weeks of acclimatization to the Griffith-type 16-18 
smoking apparatus with a gradual increase in the 
amount of smoke inspired, balloon catheter injury of 
the left common carotid artery at the end of 4 weeks, 
and 4 additional weeks of exposure to cigarette smoke 
after injury. Eight animals in the control group were 
restrained in the smoking device for the same amount 
of time each day as the experimental group and 
underwent common carotid artery injury at 4 weeks, 
but were not exposed to cigarette smoke. 
The smoking apparatus (Fig. 1) consists of a 
programmable vacuum pump device that aspirates 
smoke from the mouthpiece of a lit cigarette at 
regular intervals. A rotary puffer intermittently ex- 
poses the lit cigarette to a vacuum pump, which then 
delivers cigarette smoke to a smoke-distributing 
manifold. Snout smoke exposure is attained by 
restraining the rats in wire mesh restraining devices. 
These restraints are then connected to the smoke 
distribution manifold so as to expose the snout of the 
subject to the cigarette smoke. A recycle circuit allows 
the delivered amount of smoke from each puff to 
remain constant. The excess moke not inhaled by the 
restrained animals is collected from "chimneys" 
above the ports by wall suction. 
Standardized reference research cigarettes (R1F4 
cigarettes, University of Kentucky Tobacco and 
Health Research Institute) were used in this experi- 
ment. The smoking apparatus was set such that one 
puff was drawn from each cigarette very minute. 
Each cigarette provided 10 to 11 puffs, which were 
distributed evenly between the eight ports on the 
smoking stage. The experimental group was acclima- 
tized to cigarette smoke inhalation by gradually 
increasing the number of puffs inhaled by two or 
three each day. The experimental group received two 
puffs on the initial day and were exposed to cigarette 
smoke 5 days a week. The amount was increased over 
a period of 4 weeks to six cigarettes per day. Fifteen 
minutes were allowed to elapse after the last puff of 
each cigarette, because pilot experiments demon- 
strated that a rest period was required between each 
cigarette to prevent the accumulation of lethal 
carboxyhemoglobin levels. 
At the end of 4 weeks all animals underwent 
standardized balloon catheter injury of the left 
common carotid artery with a 2F Fogarty catheter. 
Animals were anesthetized fbr arterial injury with an 
intramuscular injection ofketamine (100 mg/kg) and 
acepromazine (5 mg/kg). A longitudinal neck incP 
sion was used to expose the carotid artery. Care was 
taken to avoid extensive dissection or manipulation 
of the vessels. A microvascular clamp was placed on 
the proximal common carotid artery to provide 
inflow occlusion. Under 2.5 • magnification the left 
external carotid artery was carefully isolated with 4-0 
silk sutures, and a small arteriotomy was made to 
introduce the Fogarty catheter. The catheter was then 
passed retrograde into the common carotid artery for 
a distance of 20 mm proximal to the carotid 
bifurcation. 
Balloon pressure was monitored uring inflation 
with an in-line pressure gauge to standardize the 
injury. The balloon was inflated to an opening 
pressure of 120 mm Hg, allowed to stabilize at 70 
mm Hg, and pulled back to the carotid bifurcation. 
The balloon was deflated, the catheter rotated 120 
degrees and readvanced 20 mm proximal to the 
bifurcation, the balloon reinflated, and the stripping 
repeated. This procedure was performed a third time 
with the catheter otated another 120 degrees to 
ensure a uniform, circumferential denuding of the 
arterial endothelium. The catheter was then with- 
drawn and the left external carotid artery ligated with 
silk sutures. Pulsatile flow in the carotid artery was 
observed in all animals after balloon catheter injury. 
The skin was closed with absorbable suture and the 
animals returned to their cages. 
Smoking was resumed on the third day after 
injury to allow time for recovery from anesthesia and 
the surgical procedure. The experimental group was 
exposed to the smoke of six cigarettes a day 5 days a 
week fbr 4 weeks. The control group was restrained 
in the wire mesh restraints but was not exposed to 
cigarette smoke; the group was restrained for the 
same period of time each day as the experimental 
group. 
Animals were killed and vessels harvested for 
histologic examination 4 weeks after injury. To 
document exposure to cigarette smoke, venous blood 
carboxyhemoglobin (CO-Hb) determinations were 
made at the time of death. On the final day of the 
experiment the experimental group was exposed to 
cigarette smoke, and the control group was restrained 
only, according to the protocol. All animals were then 
fully anesthetized with an intramuscular injection of 
ketamine (100 mg/kg) and acepromazine (5 mg/kg). 
The left jugular vein was exposed and isolated 
through a midline neck incision, and 1 cc blood was 
aspirated from it into a heparinized glass syringe. 
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Fig. 1. Illustration of Griffith cigarette smoking device, adapted tbr rodents. This diagram 
depicts portion of device that generates "mainstream" smoke aspirated from mouthpiece of 
cigarette. Although illustration shows only four animals in, restraints, in normal use eight rats 
(four on each side) would be simultaneously exposed to maniIbld. 
CO-Hb determinations were performed on venous 
blood specimens with a reference CO-oximeter 
(Instrumentation Laboratories, Lexington, Mass.). 
The injured carotid arteries were then perfusion- 
fixed and harvested. The neck incision used to expose 
the internal jugular vein was extended to a midline 
sternotomy, and the heart and great vessels were 
exposed. The descending aorta was cross-clamped 
and an incision made in the right atrium to allow 
drainage of venous effluent. The left ventricle was 
injected with 3 cc of a 1% glutaraldehyde solution at 
a constant pressure of 100 mm Hg over a 1-minute 
period. This procedure produced full cardiorespira- 
tory arrest in all animals within 3 minutes. 
Perfusion-fixation was perfbrmed before the ca- 
rotid artery was removed to prevent alteration of 
arterial morphologic condition during dissection. 
The left common carotid artery was then carefully 
dissected and the injured segment removed and 
placed in formalin for later histologic analysis. Serial 
histologic cross sections of each arterial specimen 
were prepared by a professional histolo~, laboratorv 
(A&E Laboratories, Los Angeles, Calif.). The har- 
vested arterial segments consisted of  a 15 mm length 
of common carotid artery spanning the interval from 
S mm proximal to the carotid bifurcation to 20 mm 
proximal to the bifurcation and were cut into three 
equal segments and arranged in parallel in a tissue 
block (Fig. 2). The tissue block was then cut at three 
different levels to provide a total of nine cross sections 
at regular intervals. Prepared slides were stained with 
Verhoeff-van Gieson's stain to demonstrate the 
elastic lamina of  the arterial wall. The section with the 
greatest amount of intimal hyperplasia out of these 
nine cross sections was considered the representative 
section for each animal. Photomicrographs of the 
stained sections were made at a magnification of80 • 
for measurement of intimal hyperplasia. These pho- 
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Fig. 2. lllustration depicting harvesting and histologic preparation ofarterial cross ections. By 
protocol, eft carotid arter T is operated and procured. Common carotid is sectioned into three 
segments. These are imbedded in parallel in histologic paraffin ("Tissue block"). Serial 
microscopic sections are then cut and mounted on microscope slide in sets of three for each 
artery. 
tomicrographs were measured with a desktop digital 
planimeter (Lasico Graphic Digitizers, Los Angeles, 
Calif.), which converts tracings made by a handheld 
cursor into units of length and area. The absolute 
cross-sectional rea of  intimal hyperplasia nd the 
circumference of the internal elastic lamina (IEL) 
were determined. 
Because arterial cross sections from different 
animals are not of constant diameter, the amount of 
intimal hyperplasia was also calculated as the ratio of 
the absolute area of intimal hyperplasia to the 
potential luminal area enclosed by the IEL (IH/IEL), 
expressed as a percent. This ratio represents the 
proportion of the luminal area that is occupied by the 
hyperplastic lesion and allows comparison of arterial 
cross sections of varying size. An index of 0% 
indicates that no lesion is present; an index of 100% 
indicates complete obliteration of the lumen by 
intimal hyperplasia. 
To control fbr frequent defbrmation of arterial 
cross-sectional shape from that of a perfect circle 
during the sectioning and mounting process, the 
"normalized" area enclosed by the IEL was calculated 
by deriving the area of a perfect circle with the 
circumference of the IEL: circumference IEL = 2"rrr; 
therefore r = (circumference IEL/2rr), and "normal- 
ized" area IEL = ~r 2 = -rr (circumference IEL/2~) 2. 
All measurements were made in blinded fashion by a 
single observer. Mean IH/ IEL ( _+ SEM) were calcu- 
lated fbr both groups, and means were compared 
statistically by an unpaired, two-tailed t test. 
Animal handling and care was in compliance with 
the "Principals of Laboratory Animal Care" and the 
"Guide for the Care and Use of Laboratory Animals" 
(NIH publication No. 86-23, revised 1985). 
RESULTS 
MI animals survived the experimental protocol, 
and all carotid arteries were patent at the time of" 
perfusion-fixation. CO-Hb levels in the experimental 
group immediately after smoking and just before 
death ranged from 13% to 21%. Carboxyhemoglo- 
bin levels in the control group ranged from 0% to 
2%. 
Experimental results fbr all subjects from each 
group are presented in Table I. The absolute area of 
intimal hyperplasia was 2.09 _+ 0.34 • 10 i mm 2 
fbr animals exposed to smoke compared with 
0.94 _+ 0.25 • 10 1 mm 2 fbr the control group. 
Mean IH/ IEL was 43.7% _+ 7.1% for the group 
exposed to cigarette smoke compared with 
17.7% + 4.7% fbr the control group. These differ- 
ences were statistically significant (p < 0.05) when 
the two groups were compared by an unpaired, 
two-tailed t test. The mean circumference of the IEL 
and therefore the mean normalized area within the 
IEL was greater in the control group, and these 
differences were also statistically significant. 
Figs. 3 and 4 are representative photomicro- 
graphs (80 • magnification) of arterial cross sections 
from both experimental groups. Fig. 3 is from an 
animal in the control group. It demonstrates the 
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Fig. 3. Representative common carotid artery cross section, control group (magnification 
• 80). Fibers of elastic lamina are highlighted by Voerhoff-van Geisons stain; artery has been 
fixed at physiologic pressure. Of note, internal elastic lamina has more corrugated appearance 
than control specimen in spite of pressure fixation. 
typical neointimal proliferative response observed 4
weeks after injury. Fig. 4 is from an animal exposed 
to smoke and demonstrates both a smaller cross- 
sectional area and an increased neointimal prolifera- 
tive response. 
DISCUSSION 
The association between smoking and vascular 
occlusion has long been suspected in clinical practice, 
yet this association has not been widely addressed on 
an experimental basis. More than 20 years ago Wray 
et al.~ reported aortofemoral graft failures in smokers. 
Meyers et al. 3 subsequently noted a threefold risk of 
aortofemoral graft failure and a 30% reduction in 
2-year patency of femoropopliteal vein grafts among 
cigarette smokers. These observations of reduced 
patency for aortic and lower extremity grafts in 
smokers have been confirmed by others. 2'46 In- 
creased rates of restenosis among cigarette smokers 
after carotid endarterectomy have been reported by 
Clagett et al.7 and Cuming et al. 8 A similar increase 
in restenosis has also been observed in smokers 
undergoing coronary angioplasty. 9-11 This experi- 
ment may partly explain the increased incidence of 
restenosis and thrombosis after vascular surgical 
procedures and angioplasty seen among cigarette 
smokers. 
Our experiment demonstrates that exposure to 
cigarette smoke increases the development of intimal 
hyperplasia after balloon injury of the rat carotid 
artery. The rats were exposed to cigarette smoke both 
before and after the balloon injury. The injury 
resulted in a significant increase in the amount of 
hyperplasia (as expressed by absolute area). It also 
resulted in a significant increase in the portion of the 
arterial lumen occupied by the hyperplasia tissue 
(expressed as the ratio of IH/IEL). Both the mean 
area of hyperplasia and the IH/IEL ratio were more 
than twice as great as the values recorded tbr the 
control group. This observation suggests that com- 
ponents of cigarette smoke act synergistically with 
mechanical injury of the arterial wall to increase the 
neointimal proliferative response, which results in 
intimal hyperplasia. 
We observed that the mean IEL circumference 
(and therefore the mean cross-sectional area enclosed 
by the IEL) for the control group was greater than 
that of the smoke-exposed group. Simultaneously, 
the fibers of the internal elastic lamina display a more 
compacted appearance in spite of identical handling 
and pressure fixation methods. Because the animals in 
each group were of similar size and arterial specimens 
were taken from the same location in each animal, it 
appears that the difference in arterial size is related to 
smoke exposure. This finding suggests that the 
arteries are chronically vasoconstricted in the smoke- 
exposed subjects. Vascular contraction is a well- 
known effect of exposure to cigarette smoke and its 
components in both human and animal models, and 
it is likely that this phenomenon is responsible for the 
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Fig. 4. Representative common carotid artery cross section, smoke-exposed group (magnifi- 
cation • 80). Fibers of elastic lamina are highlighted by Voerhoff-van Geisons stain; artery has 
been fixed at physiologic pressure. 
size difference that was observed. Although the 
mechanisms that produce cigarette smoke-associated 
vasoconstriction are not yet fully characterized, 
several factors that may contribute have been exam- 
ined. Inhalation of cigarette smoke is associated with 
a marked increase in sympathoadrenal discharge, 
which is the principal innate stimulus of peripheral 
vasoconstriction. Enhanced endothelin-l-induced 
vasoconstriction has also been observed in long-term 
smokers. 19 Additionally, it has been observed that 
chronic exposure to cigarette smoke may interfere 
with nitric oxide-mediated vasodilation both in the 
peripheraP 9 and coronary 2~ circulation of human 
smokers. 
Endothelial abnormalities have been observed 
after cigarette smoke exposure. These include the 
fbrmation of intracellular blebs, cell surface mi- 
crovilli, luminal membrane apertures, increased cel- 
lular permeability, cellular swelling, loss of the cell 
coat, increased platelet adhesion, and intimal 
denudation. ~3~ Sieffert et al. 21 noted elongation of 
endothelial cells with uplifting from the basement 
membrane, areas of endothelial loss, pitting, crater 
formation, and white blood cell invasion on chronic 
exposure to cigarette smoke. Additionally, they noted 
increased platelet aggregation on the endothelium of 
the experimental group but not in the control group. 
Thesc changes were apparent at 6 weeks of exposure 
and were more extensive at 12 weeks. Pittilo et al.22 
noted that plasma obtained from cigarette smokers 
caused increased platelet deposition on nonabraded 
rabbit vascular endothelium. Morphologic changes 
including blebbing were observed in cultured rat 
mesothelial cells. 23 Human studies have identified a
variety of changes in cells of the vascular endothelium 
in smoking subjects. Subendothelial edema, opening 
of intercellular junctions, and thickening of the 
basement membrane have been observed in umbilical 
artery specimens from smoking mothers. 24-26 In- 
creased numbers of endothelial cells have been 
detected in peripheral blood of cigarette smokers, 
suggesting that cigarette smoke exposure results in 
shedding of vascular endothelium. 27 
The effects of cigarette smoking on vascular 
smooth-muscle c lls are not as well characterized as
for endothelial cells. Asmussen 26 and Baenziger et 
al. 28 have observed cytoplasmic accumulation of 
glycogen and lipid and nuclear chromatin changes 
that are consistent with a proliferative state within 
vascular smooth-muscle c lls derived from the um- 
bilical arteries of smoking mothers after they deliver 
their babies. Vascular contraction is known to be 
associated with exposure to cigarette smoke and has 
been implicated in the pathogenesis of intimal 
hyperplasia. Although contraction may be mediated 
to some extent by sympathetic mechanisms, it has 
been hypothesized that local mechanisms may play an 
important role. Vascular smooth muscle is highly 
sensitive to prostacyclin, an endothelial cell metabo- 
lite of prostaglandin. Cigarette smoke and nicotine 
have been demonstrated to significantly reduce pros- 
tacyclin production by vascular endothelium, 29-3~ and 
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Table I. Experimental results 
Area IH  Circumference IEL Areal IEL 
Animal (XIO I mm 2) (XIO ~ mm) (XIO ~ mm 2) I H/IEL ratio 
S1 1.16 7.98 5.07 22.9 
$2 2.56 8.38 5.59 45.8 
$3 3.24 7.81 4.85 66.7 
$4 2.01 7.23 4.16 48.3 
$5 2.50 7.78 4.82 51.9 
$6 0.31 7.36 4.31 07.2 
$7 1.95 7.68 4.69 41.5 
$8 3.00 7.61 4.61 65.1 
Mean 2.09* 7.73* 4.76* 43.7* 
SEM 0.34 0.13 0.16 07.1 
CI 1.51 8.49 5.74 26.3 
C2 0.28 8.42 5.64 05.0 
C3 0.74 7.64 4.65 15.9 
C4 1.19 8.05 5.16 23.1 
C5 0.98 8.27 5.44 18.0 
C6 2.27 8.17 5.31 42.7 
C7 0.12 7.97 5.06 02.4 
C8 0.42 8.01 5.11 08.2 
Mean 0.94 8.13 5.26 17.7 
SEM 0.25 0.10 0.12 04.7 
S1-$8, Smoke-exposed group; CI-C8, control group; IH, intimal hyperplasia; IEL, internal elastic lamina. 
*p < 0.05 versus control group. 
this indirect effect on medial smooth muscle may 
contribute to the vasoconstrictive r sponse. Prosta- 
cyclin elaboration from smooth-muscle cells and 
fibroblasts may be suppressed as well.  28"a2 
In our experimental protocol subjects were ex- 
posed to cigarette smoke 4 weeks befbre injury. This 
method permitted a gradual increase in the amount of 
smoke exposure up to six cigarettes a day. This target 
dose was selected on the basis of pilot experiments 
that demonstrated increased mortality among ani- 
mals in the experimental group exposed to a greater 
amount of cigarette smoke. The design better mimics 
the clinical scenario of a chronic cigarette smoker 
undergoing a vascular procedure than if smoke 
exposure had been confined to the postinju U phase 
alone. It is likely that at the time of balloon catheter 
stripping of the carotid artery, a smoke-induced 
endothelial injury and derangement in vascular wall 
physiologic ondition were already present. 
It is notable that the augmentation of the 
development of intimal hyperplasia fter arterial 
injury occurred over an extremely short time period 
and that the mean increase in cross-sectional area of 
intimal hyperplasia was more than twotbld. These 
observations suggest a marked upregulation of me- 
dial smooth-muscle cell metabolic and synthetic 
function by one or more components of cigarette 
smoke. This phenomenon could be explained by a 
direct stimulatory effect on medial smooth-muscle 
cells or by the loss of factors associated with medial 
myocyte quiescence, which may normally be pro- 
vided by the intact vascular endothelium. 
Stenosis after balloon inju U is thought o repre- 
sent all uncontrolled proliferation of vascular 
smooth-muscle cells as a response to inju U. Tile 
process involves migration and rcplication of thc 
smooth-muscle c lls and synthesis of matrix material. 
A variety of elements combine to generate thcsc 
lesions. Metalloproteasc a tivation is thought ncccs- 
sa D' fi)r smooth-muscle cell migration. "~'~ Growth 
fhctors have been implicated in the proliferation of 
smooth-muscle c lls and the synthesis of matrix. "~4-~ 
Additional elements that contribute to these lesions 
include derangement of the nitric oxide regulatory 
mechanisms a7 and paracrinc ffccts of thc rcnin and 
angiotensin. "~8 
It is not yet clear which components of cigarette 
smoke may bc responsible for changes sccn in 
vascular wall physiologic and morphologic ondi- 
tion. Nicotine has been the most widely studied and 
most frequently implicated smoke component. En- 
dothelial cell ultrastrucmral changes uch as polymer- 
ization of cytoskeletal proteins and cellular elonga- 
tion have been observed in tissue culture response to 
nicotine. 39'4~ Nicotine produces cytoplasmic vacu- 
olization of cultured endothelial cells, however, at 
concentrations far exceeding those of plasma levels m 
cigarette smokers. 4L42 Alterations in endothelial cell 
morphologic ondition have been demonstrated in 
rodents and rabbits administered nicotine by the 
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subcutaneous 43 and ora l  44-46 routes, hwestigations of 
the effect of carbon monoxide on endothelial mor- 
phologic condition in laboratory animals have been 
inconsistent. Some investigators have demonstrated 
morphologic changes after carbon monoxide expo- 
sure, 47'48 whereas others have observed no efYect. 49-sl 
Studies of cultured endothelial cells exposed to 
carbon mono~de have yielded results that va D, 
greatly between species. "~2 The effects of tar and 
related alkaloids have not been widely investigated. 
Our findings regarding the incrcase in intimal hyper- 
plasia after arterial inju U in animals that inhale 
cigarette smoke thrther implicate the smoking of 
tobacco in the progression of vascular disease. In 
addition to accelerating the development of  athero- 
sclerosis, it appears that one or more components of 
cigarette smoke is capable of upregulating or accel- 
erating the myointimal proliferative response to 
vascular injury. This effect was observed to occur 
rapidly, over a period of only 4 weeks. Because early 
vascular graft and angioplasD ~ failurcs are more 
frequently caused by intimal hyperplasia than recur- 
rent atheromatous disease, these findings may have 
important implications concerning the alteration of 
smoking habits in patients undergoing vascular 
procedures. 
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